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Abstract
This pilot study examined whether ischemic conditioning (IC), a noninvasive, cost-effective, and easy-toadminister intervention, could improve gait speed and paretic leg muscle function in stroke survivors. We
hypothesized that 2 wk of IC training would increase self-selected walking speed, increase paretic muscle
strength, and reduce neuromuscular fatigability in chronic stroke survivors. Twenty-two chronic stroke survivors
received either IC or IC Sham on their paretic leg every other day for 2 wk (7 total sessions). IC involved 5-min
bouts of ischemia, repeated five times, using a cuff inflated to 225 mmHg on the paretic thigh. For IC Sham, the
cuff inflation pressure was 10 mmHg. Self-selected walking speed was assessed using the 10-m walk test, and
paretic leg knee extensor strength and fatigability were assessed using a Biodex dynamometer. Self-selected
walking speed increased in the IC group (0.86 ± 0.21 m/s pretest vs. 1.04 ± 0.22 m/s posttest, means ± SD; P<
0.001) but not in the IC Sham group (0.92 ± 0.47 m/s pretest vs. 0.96 ± 0.46 m/s posttest; P= 0.25). Paretic leg
maximum voluntary contractions were unchanged in both groups (103 ± 57 N·m pre-IC vs. 109 ± 65 N·m post-IC;
103 ± 59 N·m pre-IC Sham vs. 108 ± 67 N·m post-IC Sham; P = 0.81); however, participants in the IC group
maintained a submaximal isometric contraction longer than participants in the IC Sham group (278 ± 163 s pre-IC
vs. 496 ± 313 s post-IC, P = 0.004; 397 ± 203 s pre-IC Sham vs. 355 ± 195 s post-IC Sham; P = 0.46). The results
from this pilot study thus indicate that IC training has the potential to improve walking speed and paretic muscle
fatigue resistance poststroke.
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INTRODUCTION

Approximately 20–25% of chronic stroke survivors are unable to walk without full physical assistance (26).
Furthermore, mainstream therapies to address motor deficits poststroke have resulted in only moderate
changes in walking velocity (18, 36, 39, 51, 52), which are not likely to impact community ambulation or quality
of life. Therefore, there is still a need for therapies, or adjuncts to traditional therapies, that can promote paretic
leg muscle performance and improve walking in stroke survivors. Recently, ischemic conditioning (IC) has
emerged as a potential stimulus to enhance neural plasticity and motor performance (58) in addition to its
known beneficial effects on cardiovascular protection [recently reviewed by Heusch et al. (27)].
IC was first described in 1986 as a vascular stimulus to protect vital organs from ischemic injury (40) and has
been extensively studied for cardioprotection. Subsequent studies have shown that IC, when performed on the
arm or leg in the absence of concurrent exercise or therapy, improves muscle performance. For example, in
healthy individuals, brief, repeated 5-min bouts of limb ischemia (using a blood pressure cuff inflated to 225
mmHg on the arm or leg) improve 5-km running time (1a), maximal power output (13), and motor learning
(6, 7). It has also been shown that IC alone can reduce neuromuscular fatigue in healthy humans as task duration
during handgrip exercise improves following a single session of IC (2). Although the mechanisms by which IC can
improve muscle performance and reduce fatigue are complex and remain elusive, it is likely that local
mechanisms at the level of the muscle, remote neural factors, and circulating humoral factors all contribute.

Although not all studies that have examined the effects of IC on muscle and athletic performance have shown
benefit, all studies to date have been performed on young, healthy individuals, where a ceiling effect likely exists
(30, 48). To our knowledge, our group was the first to report improved motor function after a single session of IC
in a clinical population with functional deficits, specifically chronic stroke survivors with leg weakness (28).
Whereas our previous work primarily focused on short-term changes in leg strength following IC, in this pilot
study we sought to determine whether 2 wk of IC training on the paretic leg of chronic stroke survivors, in the
absence of gait training or therapy, could result in clinically meaningful improvements in self-selected walking
speed, paretic leg strength, and fatigue resistance. To our knowledge, the effects of IC on gait have not been
measured in either healthy individuals or clinical populations. As leg weakness and increased neuromuscular
fatigue contribute to walking deficits poststroke, we felt it a worthy pursuit to examine the effects of IC on all
three measures.
In the field of cardioprotection, it has clearly been shown that there are short (0–12-h) and long (24–72-h)
windows of protection following IC and these windows are mediated by separate mechanisms (31a). Our
previous proof-of-principle study showed that a single IC session immediately improves paretic muscle strength
(28), but it has been suggested by several studies that the delayed, or long-term, phase of IC may be more
robust, especially as applied to neural plasticity (16, 44, 31a). The ability to walk is vital in activities of daily living
and maintaining independence (47), self-selected walking speed is a valid, sensitive, and specific measure (22),
and restoring gait is considered a hallmark of success in poststroke rehabilitation (15). Thus, in this study we
sought to determine whether 2 wk of IC training would provide increases in self-selected walking speed
compared with sham controls. Our secondary hypotheses were that compared with sham controls, IC would also
improve muscle strength and promote neuromuscular fatigue resistance.

METHODS
General methods.

This study was a prospective, single-blinded, randomized, sham-controlled pilot study with paired analysis. The
trial is registered at https://www.clinicaltrials.gov/ with the unique identifier NCT03095755. All study
procedures were approved by the institutional review boards at the Medical College of Wisconsin and
Marquette University. Written informed consent was obtained from all individual participants included in the
study. All study participants were studied twice, with ~2 wk between test sessions. Inclusion criteria were 1)
history of a single, unilateral stroke >1 yr before study enrollment as confirmed by standard-of-care MRI and 2)
residual hemiparesis as determined by the presence of both paretic knee extensor weakness (compared with
nonparetic leg, as assessed with the Biodex dynamometer) and visually appraised asymmetric gait (as assessed
by a physical therapist) during the familiarization session (see below). Exclusion criteria were 1) history of
multiple strokes, 2) brain-stem stroke, 3) lower extremity contractures, 4) stage II hypertension (>160/100
mmHg), 5) inability to follow two-step commands, 6) deep vein thrombosis, 7) peripheral arterial grafts in the
lower extremity, and 8) any condition in which lower extremity tissue ischemia is contraindicated.

Study recruitment.

On the basis of our previous work in 10 stroke survivors that showed that a single session of IC improved leg
strength (28) and other studies that examined the effects of IC on motor performance in healthy individuals with
group sizes of 10–15 individuals (2, 7, 13, 41, 54), we aimed to enroll 11 study participants per group in this pilot
study to have a complete data set on 10 individuals per group (accounting for an ~10% attrition rate). Potential
study participants were screened and recruited from two Health Insurance Portability and Accountability Act
(HIPAA)-compliant databases managed by A. S. Hyngstrom and M. J. Durand. The first source for study
recruitment was a HIPAA-compliant database of 40 stroke survivors managed by A. S. Hyngstrom. The second

source was a HIPAA-compliant, secure, online REDCap database managed by the Stroke Rehabilitation Center of
Southeast Wisconsin and M. J. Durand. The database contains the names and contact information of stroke
survivors interested in participating in stroke research and draws from ~300 new stroke cases and 400 patients
with chronic stroke treated annually at Froedtert Hospital and the Medical College of Wisconsin. From the
database, the study team had access to MRI DICOM images and radiology reports to confirm lesion location, as
well as 184 discrete fields related to physical function and medical history to prescreen eligible participants.
Eligible study participants were contacted by a member of the study team either over the phone or via email. To
ensure that potentially eligible participants could perform all study procedures and to familiarize study
participants with all study procedures, a “familiarization” session was conducted with all participants after they
issued written informed consent. During the familiarization sessions, study participants performed a series of
muscle contractions on the Biodex dynamometer with their paretic and nonparetic leg to demonstrate their
ability to follow multistep directions and volitionally activate their knee extensor muscles. Gait asymmetry was
also confirmed by a physical therapist. To avoid carryover effects, the familiarization session was conducted ≥7
days before the baseline testing session, and no cuff inflations were performed (see below).

Ten-meter walk test.

Self-selected walking speed is one of the most well-validated clinical measures in stroke rehabilitation.
Consistent with other studies (12, 17), participants walked 10 m at their comfortable speed in a hallway and
could use whatever assistive device was necessary while being guarded by a member of the study team. The
time it took to walk the middle 6 m was recorded, the test was done in triplicate, and the average of the three
trials was recorded in meters per second. Following self-selected walking speed assessment, study participants
were told to walk as fast as they could to assess fast walking speed, and values were recorded in the same
manner as for self-selected walking speed.

Knee extensor maximum voluntary contractions and fatigability.

A Biodex dynamometer (Biodex Medical Systems) was used to measure isometric knee extension torques during
maximum voluntary contractions (MVCs; strength) and during a submaximal contraction fatiguing protocol (task
endurance) as we have previously described (19, 28). Custom-written LabVIEW (National Instruments) programs
were used to acquire all data. Torque signals were low-pass filtered and sampled at 1,000 Hz using a data
acquisition card and personal computer. The MVC task involved an increase in knee extension torque from zero
to maximum over 2–3 s, and study participants were verbally encouraged to achieve maximal torque. The MVC
was defined as the peak torque generated during a given 2- to 3-s effort. Study participants rested for 60 s
between trials. Trials were repeated until peak torques from two of three trials were within 5% of each other
(usually 3–5 trials). The peak torque generated was used as the MVC. The vertical and horizontal position of the
dynamometer chair and the length and position of the lever used to measure knee extensor torque were
recorded during the pretest session to ensure that study participants were seated in the same position for
posttesting.
After the MVC was determined, study participants performed a sustained, submaximal, isometric contraction of
their paretic knee extensors until task failure. The target torque for the fatigue task was equal to 30% of the
paretic leg’s knee extensor MVC. Task failure was defined as the time at which participants could not maintain
the knee extension target torque within a 10% window of error for 3 s or had >5 deviations of the window of
error within a 10-s time window. Each study participant was given visual feedback and verbal encouragement of
their performance (23). Task duration serves as a metric of neuromuscular fatigue (21). A single MVC was
performed at the end of the fatigue protocol to verify that an acute decrease in maximal torque generation (i.e.,
muscle fatigue) was achieved.

To determine the effects of IC on muscle contractile properties, changes in the magnitude of the resting muscle
twitch amplitude were quantified as we have done before (28). A constant-current stimulator (DS7AH; Digitimer,
Welwyn Garden City, UK) delivered a 100-µs pulse at an intensity 10% above that required to elicit a maximal
resting twitch (no more than 500 mA).

Ischemic conditioning.

IC treatments were performed on the paretic thigh in accordance with other studies that have used IC as an
intervention (1, 1a, 13) and consistent with our previous work (28). We specifically chose to perform IC on the
paretic leg so that local effects of IC (i.e., the release of vasoactive metabolites from the vascular endothelium or
improved mitochondrial bioenergetics and oxygen consumption due to transient ischemia) would benefit the
affected limb. Also, in light of previous work that has suggested that the magnitude of the IC response is directly
proportional to the volume of tissue made ischemic (34), we chose to perform IC on the leg versus the arm.
In supine position with legs level with the heart, a thigh cuff (Hokanson SC-12 thigh cuff) was placed around the
proximal, paretic thigh, inflated slowly (over 3–5 s) to 225 mmHg for 5 min using the Hokanson rapid cuff
inflator, and then released rapidly (~0.3 s) for a 5-min recovery period. An inflation pressure of 225 mmHg is
consistent with other studies in which IC was performed on the leg with cuff inflation pressures between 200
and 250 mmHg (1, 9, 13, 24, 59), and given that our study participants both were normotensive and had normal
body mass index, this pressure would be expected to cause complete arterial occlusion. Five cycles of inflationrecovery were performed.

Sham ischemic conditioning.

For the group receiving IC Sham, the same physical setup was used, but the cuff was only inflated to 10 mmHg.
This level of inflation was chosen because participants still perceive some cuff tightness but the inflation
pressure is not high enough to produce ischemia. The participants were blinded to the purpose of the sham or
typical IC protocols. This approach is consistent with studies that use IC as an intervention (10, 11, 41). All
posttesting occurred 24–48 h after the last IC or IC Sham session was completed. Study participants were
randomized using an online number generator.

Statistical analysis.

All data are presented as means ± SD, and all statistical analyses were performed using IBM SPSS Statistics
version 24. Differences in subject demographics, time since stroke, self-selected walking speed, Berg balance
score, Fugl-Meyer score, MVC, and paretic-to-nonparetic MVC ratio between the IC and IC Sham group were
compared using an unpaired Student’s t-test or Mann-Whitney rank sum test, when appropriate. Differences in
self-selected walking speed, fast walking speed, MVC, and time to muscle fatigue were compared using a mixedeffects analysis of variance (ANOVA) with one within-subjects variable (time: pre vs. post) and one betweensubjects factor (group: IC vs. IC Sham) after testing the data for normal distribution using the Shapiro-Wilk test.
Main effects of time and interaction effects of time × group were determined. A post hoc Bonferroni test was
used to test for differences between individual means. Pre-post changes to self-selected and fast walking speed,
MVC, and time to fatigue in the IC and IC Sham groups were compared using an unpaired Student’s t-test or
Mann-Whitney rank sum test as appropriate. To determine the effect size of either IC or IC Sham on selfselected walking speed, fast walking speed, time to muscle fatigue, and MVC, Cohen’s d was calculated using the
following equation: d = (M2 − M1)/SDpooled, where M1 and M2 are the means of the two samples and SDpooled is the
pooled standard deviation of the two samples. P < 0.05 was considered statistically significant for all analyses.

RESULTS
Study participants.

Forty-one chronic stroke survivors were contacted via phone or email, and 22 individuals participated in this 2wk training study (see Fig. 1 for study design). Two participants withdrew from the study (see below). The
average age of all study participants was 56 ± 18 yr, and the average time since stroke was 9 ± 9 yr. As shown
in Table 1, there were no differences in demographics or the level of physical function (as assessed by baseline
self-selected walking speed, lower extremity Fugl-Meyer score, Berg balance score, paretic leg strength, or
paretic-to-nonparetic MVC ratio) between the 10 participants in the IC and IC Sham groups who completed the
study. The time since stroke was less for study participants in the IC Sham group (15 ± 10 vs. 4 ± 3 yr in IC
group; P = 0.005); however, no participants in either group were actively undergoing physical therapy or
exercise training.

Fig. 1. Diagram of the clinical trial. IC, ischemic conditioning.

Table 1. Characteristics of study participants
n
Age, yr
Sex

Male, n
Female, n
Height, cm
Weight, kg
Body mass index, kg/m2
Systolic blood pressure, mmHg
Diastolic blood pressure, mmHg
Heart rate, beats/min
Time since stroke, yr
Type of stroke
Ischemic, n
Hemorrhagic, n
Unknown, n
Affected side
Left, n
Right, n
Assistive device

IC
10
54 ± 20

IC Sham
10
58 ± 18

P Value
NA
0.66

3
7
169 ± 11
74 ± 14
26 ± 5
118 ± 8
78 ± 10
78 ± 11
15 ± 10

3
7
167 ± 11
79 ± 19
28 ± 5
123 ± 10
81 ± 5
72 ± 13
4±3

NA
NA
0.70
0.51
0.37
0.25
0.50
0.30
0.005

6
2
2

8
2
0

NA
NA
NA

3
7

5
5

NA
NA

Yes, n
5
5
NA
No, n
5
5
NA
Self-selected walking speed, m/s
0.87 ± 0.21 0.91 ± 0.42 0.81
Fast walking speed, m/s
1.18 ± 0.26 1.12 ± 0.54 0.74
Lower extremity Fugl-Meyer score (0–34) 29 ± 4
26 ± 5
0.26
Berg balance score (0–56)
50 ± 4
51 ± 8
0.87
MVC
Paretic, N·m
103 ± 57
103 ± 59
0.99
Nonparetic, N·m
147 ± 79
153 ± 72
0.87
Paretic-to-nonparetic MVC ratio
0.72 ± 0.18 0.67 ± 0.25 0.55
Values are means ± SD; n = no. of participants. IC, ischemic conditioning; MVC, maximum voluntary contraction;
NA, not applicable.
Two participants withdrew from the study for reasons unrelated to the study procedures. One person in the IC
group mentioned during their first testing session (before any IC) that they had been having persistent but mild
abdominal pain, which worsened over the 2-wk training and resulted in hospitalization. One person in the IC
Sham group suffered a fall at home and chose to withdraw from the study because of soreness from the fall. No
participants in the IC group reported excessive pain or asked to withdraw from the study because of pain related
to the IC procedure (cuff inflation to 225 mmHg on the proximal paretic thigh). There was no difference in the
number of sessions performed between the IC and IC Sham groups (7 ± 1 vs. 7 ± 2 sessions, respectively; P =
0.90). The average number of days between pretest and posttest sessions was also not different between the
groups (18 ± 7 days IC vs. 17 ± 8 days IC Sham, P = 0.44).

Self-selected walking speed.

Gait speed during the 10-m walk test was measured in 20 chronic stroke survivors before and after 2 wk of IC
training (n = 10) or IC Sham (n = 10). As shown in Fig. 2A, there was a significant interaction effect of time ×
group (P = 0.012). Pairwise multiple comparisons of group means indicated that IC significantly improved selfselected walking speed from pretest values (0.86 ± 0.21 to 1.04 ± 0.22 m/s; P < 0.001), whereas there was no
difference observed in participants in the IC Sham group (0.92 ± 0.47 m/s pretest vs. 0.96 ± 0.46 m/s
posttest; P = 0.25). The minimal clinically important difference (MCID) in self-selected walking speed in stroke
survivors has been estimated to between 0.10 and 0.16 m/s (43, 55). Taken as the mean of each individual’s
change in self-selected walking speed (change from pretest to posttest), participants in the IC study group
increased their self-selected walking speed by 0.17 ± 0.04 m/s, whereas there was a negligible change in the IC
Sham group (0.04 ± 0.06 m/s; P = 0.01 vs. IC, unpaired t-test). This improvement in the IC group exceeds the
MCID in this patient population. Finally, of the 10 individuals in the IC group, 9 had improved self-selected
walking speed after 2 wk of IC.

Fig. 2. Changes in self-selected (A) and fast (B) walking speed, as assessed by the 10-m walk test, in chronic stroke survivors
after 2 wk of either ischemic conditioning (IC) or IC Sham training on the paretic leg. In the IC-training group, self-selected
walking speed increased from 0.86 ± 0.21 to 1.04 ± 0.22 m/s, whereas no change was observed in the IC Sham group
(0.92 ± 0.47 m/s pre-IC Sham vs. 0.96 ± 0.46 m/s post-IC Sham). Fast walking speed also tended to increase in the IC group
(1.18 ± 0.26 m/s pretest vs. 1.30 ± 0.30 m/s posttest) with no change in the IC Sham group (1.14 ± 0.57 m/s pretest vs.
1.14 ± 0.53 m/s posttest), but this difference did not reach statistical significance (group × time interaction P value = 0.105).
Data are shown as means ± SD. NS, not significant. *P < 0.05 pre-IC vs. post-IC.

As shown in Fig. 2B, there was a trend for improvement in fast walking speed in our study participants following
IC (1.18 ± 26 m/s pre-IC vs. 1.30 ± 0.30 m/s post-IC; mean change = 0.11 ± 0.16 m/s). However, the interaction
effect of time × group did not reach statistical significance (P = 0.105). The mean of each individual’s pre-post
change also did not reach statistical significance between the IC and IC Sham groups (IC mean
change = 0.11 ± 0.17 m/s and IC Sham mean change = 0.01 ± 0.07 m/s; P = 0.19, Mann-Whitney rank sum test).

Paretic leg knee extensor strength and muscle fatigability.

We measured paretic leg knee extensor MVCs in all 20 study participants before and after 2 wk of either IC or IC
Sham training. We also measured paretic muscle fatigability in 8 of 10 participants in the IC group and 10 of 10
in the IC Sham group. Given the moderate stress of performing the muscle fatigue protocol on the
cardiovascular system (increased blood pressure and heart rate), the study team chose not to perform the
protocol on one person in the IC group because of a resting systolic blood pressure of 160 mmHg. Another study
participant elected not to perform the fatiguing task.
For MVC, there was no interaction effect of time × group (P = 0.82; Fig. 3A), nor was there a difference in prepost mean changes between the groups (IC mean change = 6 ± 11 N·m and IC Sham mean change = 8 ± 12

N·m; P = 0.76, unpaired t-test). As shown in Fig. 3B, there was an interaction effect of time × group (P = 0.008)
for fatigue task duration (n = 8 IC, n = 10 IC Sham). Pairwise multiple comparisons of group means indicated that
IC significantly improved task duration from pretest values (278 ± 163 to 496 ± 313 s; P = 0.004), whereas there
was no difference observed in participants in the IC Sham group (397 ± 203 s pretest vs. 355 ± 195 s posttest; P =
0.46). There was also a difference in pre-post mean changes between the groups (IC mean change = 218 ± 246 s
and IC Sham mean change = −42 ± 114 s; P = 0.01, unpaired t-test). Of the eight individuals in the IC group who
completed the fatigue task, seven had improved task duration after 2 wk of IC.

Fig. 3. Changes in paretic knee extensor muscle strength and fatigability, as assessed by measuring maximum voluntary
contractions (MVCs) of the knee extensors and the time study participants could sustain an isometric contraction equal to
30% of their MVC, in chronic stroke survivors after 2 wk of either ischemic conditioning (IC) or IC Sham training on the
paretic leg. A: neither IC nor IC Sham had any effect on knee extensor MVC (P > 0.05). B: time to muscle fatigue increased
from 278 ± 163 to 496 ± 313 s in the IC group (P < 0.05), whereas no change was observed in the IC Sham group (397 ± 202 s
pre-IC Sham vs. 355 ± 195 s post-IC Sham; P = 0.46). Data are shown as means ± SD. NS, not significant. *P < 0.05 pre-IC vs.
post-IC.

As shown in Fig. 4A, participants in both groups were equally fatigued after completing the fatigue test sessions
as there was no interaction effect of time × group (P = 0.33) on the drop in MVC following fatigue. Fatigue
recovery, as measured by the recovery of MVC torque at 5, 10, and 15 min postfatigue, was also not different
between the groups (Fig. 4B; P = 0.67). As shown in Fig. 4C, there was also no interaction effect of time × group
(P = 0.28) on muscle contractile properties following either IC or IC Sham as the torque amplitude elicited by a
maximal electrical stimulation of the muscle was similar in both groups pretest versus posttest.

Fig. 4. Reductions in maximum voluntary contraction (MVC) following fatigue and resting twitch responses of paretic
muscle. All participants had a marked reduction in MVC immediately following termination of the fatiguing muscle
contraction, and there were no differences in the percent reduction in MVC between groups (A; P = 0.42, 2-way repeatedmeasures ANOVA). As shown in B, MVC torque increased equally among all groups 5, 10, and 15 min postfatigue. There
were also no differences in muscle contractile properties among the four treatment groups as evidenced by the amount of
torque generated by maximal electrical stimulation of the paretic knee extensor muscles at rest (C; P = 0.72, 2-way
repeated-measures ANOVA). All data are shown as means ± SD; n = 8 pre- and post-ischemic conditioning (IC); n = 10 preand post-IC Sham. *P < 0.05 vs. prefatigue.

The effect sizes (Cohen’s d) of IC or IC Sham on self-selected walking speed, fast walking speed, MVC, and
muscle fatigability are shown in Table 2. IC had a large effect on both self-selected walking speed and the time
to fatigue, a small-to-medium effect on fast walking speed, and little to no effect on paretic leg MVC. IC Sham
had no effect on any of the study outcome measures.
Table 2. Effect of IC or IC Sham on study outcome measures
Outcome Measure
IC
IC Sham
Self-selected walking speed
0.84 0.09
Fast walking speed
0.41 0.02
Time to fatigue
0.91 −0.21
Maximum voluntary contraction 0.10 0.08

DISCUSSION
There are three novel findings from this pilot study. First, we show that repeated IC training results in a clinically
significant improvement in self-selected walking speed in chronic stroke survivors. Second, 2 wk of IC training
reduced neuromuscular fatigability of the paretic leg knee extensors. Finally, repetitive IC training on the paretic
leg was well tolerated and feasible in chronic stroke survivors as no study participants withdrew from the study
because of pain or discomfort from the procedure and all participants who completed the study performed the
prescribed number of cuff inflation sessions.
This study is the first to apply IC training to chronic stroke survivors and examine the effects of IC on a functional
outcome such as walking. When compared with cardioprotection, the investigation of applying IC to promote
neural plasticity and stroke recovery is still in its relative infancy. In addition to our group, to date, there have
been only a few small clinical trials that have examined the effects of IC on stroke recovery and neural
protection or on motor function in the elderly. The first studies demonstrated that IC on the leg was safe and
well tolerated in patients with acute subarachnoid hemorrhage (<96 h from onset; 25, 32). Since 2016, pilot
studies have shown that IC has the potential to reduce National Institutes of Health stroke score when
performed within 24 h of cerebrovascular accident (20). When performed twice daily on the arms for 1 yr, IC
reduces white matter hyperintensity, slows cognitive decline, and increases middle cerebral artery blood flow in
patients with cerebral small vessel disease (37, 57). Ongoing trials are currently examining the efficacy of IC to
reduce infarct size during acute cerebral infarction (NCT02169739) or within 6 mo of stroke (NCT02189928).
Additionally, Sutter et al. showed in the elderly that IC performed on the upper extremity has the potential in
enhance motor learning, but the degree to which subjects benefit may be affected by age and comorbidities
(53). To our knowledge, there have been no studies that have examined whether IC improves walking function
or promotes motor recovery in chronic stroke survivors. As the results from this pilot study show, IC has the
potential to be used as a novel therapy (or as an adjunct to standard therapy) to promote motor recovery
poststroke.
The previous work by Sutter et al. (53) showed that the effect size of IC on motor learning may decline with age
and an increased number of comorbid conditions: important considerations for applying IC to stroke
rehabilitation strategies. Nonetheless, we report positive effects of IC on motor function, specifically selfselected walking speed and skeletal muscle fatigue resistance, in stroke survivors in this pilot study. However,
our study participants were relatively young (average age 58 ± 18 yr; range 20–80 yr) and did not have
comorbidities. Furthermore, there was no association with age and the improvements in either walking speed or
fatigue resistance (data not shown) in our study participants. Finally, there was also no correlation between the
effect size of IC on walking speed or fatigue resistance and each individual’s number of years poststroke (data
also not shown). Larger cohort studies will ultimately be necessary to determine which individuals will derive the
most benefit from IC poststroke.
Broadly, our study is also one of the first to apply IC as an intervention to improve physical function in a
population with reduced functional capacity or motor deficits. Numerous studies have examined the ability of IC
to improve strength and endurance in young, healthy individuals. The results of these studies have very recently
been summarized in two separate meta-analyses by Salvador et al. (48) and by Incognito et al. (30). Both groups
similarly concluded that although IC does appear to have beneficial effects on exercise performance in most
cases, a ceiling effect likely exists, and the training status of the test subjects must be carefully considered. Both
groups of authors also concluded that an important and logical future direction for this field is the application of
IC to clinical populations. Although our study specifically examined the effects of IC on stroke survivors, other
clinical populations with reduced physical function such as individuals with spinal cord injury, frail, elderly
patients, and individuals undergoing cardiac rehabilitation may benefit from IC.

The mechanisms by which IC improves gait speed in stroke survivors remain to be elucidated, but there are
numerous possible mechanisms that warrant consideration. Unexpectedly, knee extensor strength did not
significantly increase as we saw in our previous work, which examined the effects of a single session of IC on leg
strength (28). However, we only measured strength in one muscle group (the paretic knee extensors), and it is
possible that changes in strength of muscles known to improve propulsion forces, such as the ankle plantar
flexors, may have contributed to the improved gait speed. We did show that IC dramatically improved the ability
to maintain activation of the paretic knee extensors at a submaximal level (Fig. 3), which may be potentially
more relevant than strength increases for self-selected walking speed, where maximal force generation is not
required. All 20 study participants were able to walk faster during the fast walking test than during the selfselected walking test (individual data not shown), reflecting their ability to volitionally increase walking speed if
needed. We did not, however, observe a significant improvement in fast walking speed following IC. As fast
walking is more reliant on leg strength than self-selected walking speed (8, 38, 46), this lack of improvement in
fast walking speed is consistent with our findings that paretic leg knee extensor MVC did not increase following
2 wk of IC.
Also, it is well known in the cardioprotection literature that IC has both a short and a long phase of protection
whereby different mechanisms mediate the response [reviewed by Koch et al. (31a)]. In our previous study (28)
we only examined the changes in knee extensor strength immediately after the IC session (i.e., in the short
phase). In this study, knee extensor strength, muscle fatigue, and walking speed were examined 24–48 h after
the final of ~7 IC sessions (i.e., in the long phase). It could also be the case with IC-induced changes in motor
function that different “windows” of effect size and mechanism exist, and future studies should be designed to
examine the differential effects of short- and long-phase IC on strength, muscle fatigue, and walking speed, as
well as the effects of single-session versus multisession IC.

Study Limitations and Future Directions
We recognize several limitations and suggest numerous future study directions. Here we show that in chronic
stroke survivors 2 wk of IC alone resulted in an increase in self-selected walking speed of 0.17 m/s, which
exceeds the MCID for this population (43, 55) and is larger than what has been reported in many gait- and
strength-training rehabilitation programs (51). This is a remarkable improvement given that study participants
were many years poststroke, study participants were not undergoing physical therapy, and IC was done without
concurrent strength or gait training. It is therefore conceivable that when used as an adjunct with mainstream
therapies, changes in gait speed could exceed effects seen with traditional training therapy alone. Future studies
will be necessary to determine whether IC, when performed concurrently with therapy or exercise, has an
additive effect on motor outcomes.
One limitation we recognize is that this pilot study was only conducted in a single-blinded manner, with only the
study participants being blinded to the purpose of the different cuff inflation pressures. However, the assessor
of the 10-m walk test read from a script, and equal encouragement was given to all study participants. The
assessors of paretic leg MVCs and fatigue task duration were also not blinded to the group assignments.
Assessor bias for these measures is highly unlikely as MVC was determined strictly by the force output from the
Biodex dynamometer and fatigue was determined using the abovementioned criteria as determined by the
algorithm in the custom-written LabVIEW program. All study participants were given equal verbal
encouragement.
Another limitation is that we did not examine the duration of the beneficial effects of IC following the final
testing session. As we show, IC improves gait speed, so it will be important to determine whether this
improvement in walking function is sustained in the long term as gait speed dramatically affects both functional
indoor and outdoor ambulation and strongly correlates with quality of life after stroke (31, 33, 45, 49). Sustained

improvements in walking speed with a concordant reduction in neuromuscular fatigability would also likely
increase physical fitness, which is dramatically reduced in stroke survivors (3, 4), and reduce the incidence of
recurrent stroke. We also recognize that we did not have a maximum cutoff for self-selected walking speed, and
the self-selected walking speed of 3/22 study participants was equal to that of age- and sex-matched norms (5).
However, all study participants had a lower extremity Fugl-Meyer score <34, all study participants had weakness
in their paretic leg compared with their nonparetic leg, and there was no difference in baseline walking speed
between the IC and IC Sham groups. Initial walking speed also had no correlation with the degree of
improvement in the IC group (data not shown).
The relatively small number of participants in this pilot study is also a limitation; however, gait speed was
improved in 9/10 participants in the IC group, and neuromuscular fatigue resistance was improved in 7/8 tested
participants. We also did not examine the effects of IC on the nonparetic leg or the upper extremities (remote
conditioning) and recognize that some of the improvement in self-selected walking speed could have been due
to an unmeasured improvement in nonparetic leg function. Finally, our study cohort consisted only of
individuals >1 yr poststroke who had reached the “plateau” phase of their recovery and were no longer
undergoing neurorehabilitation. Given the ease of translating IC to the clinic or hospital setting, future studies
that examine the effect of IC on stroke recovery during the subacute stroke phase where neuroplasticity is
greatest should be prioritized.
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